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Abstract 
Our previously reported investigations have been continued during this 
sixth report period. Our work on bare superconducting strips in liquid 
helium at 4.2 0K has been completed and is summarized in a paper which is 
enclosed as Appendix I. Additional work on the temperature dependence of 
the critical current of bare superconducting strips is in progress and 
the experimental arrangement is described. A numerical analysis of a 
measured steady state I-V (current-voltage) characteristic of a commercial 
compound conductor in constant external field has been made. Our pre-
vious investigations assumed that the heat flux is proportional to the 
25th power of the temperature difference between metal and liquid helium. 
Furthermore, only the linear dependence of the superconductor current on 
the temperature has been considered. The present analysis is based on 
measured heat transfer, and for the zone of low flux flow resistance 
the dependence of the superconductor current on temperature and on vol-
tage has been investigated (Appendix I1). Improved heat transfer measure-
ments and investigations of the temperature fluctuations have been made 
(Appendix III).
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MAGNETIC FLUX FLOW AND SUPERCONDUCTOR STABILIZATION 
I. INTRODUCTION 
This sixth quarterly progress report brings two essential parts of 
our investigations to an at least temporary conclusion: Our work on the 
flux flow performance and stability of bare superconducting strips in 
liquid helium at 4.2° IC and the analysis of the steady state performance 
of multistrand compound conductors with very fine filaments. Progress 
has been made in our measurements of the heat transfer between metal 
surfaces and liquid helium and in the understanding of the temperature 
fluctuations which occur in these experiments. 
Our work is being continued by investigating the temperature depend-
ence of the critical current of bare superconducting strips. In order 
to apply our findings with multistrand compound conductors to the analysis 
of the steady state performance of compound conductors with thick fila-
ments, measurements of the heat conductivity of I'TbTi (as a function of 
temperature and field) are being prepared. Additional developmental 
work on thin films is in progress since thin films are extensively used 
for our experiments. 
Our reported work is partly sponsored by USAEC.
II. TEMPERATURE DEPENDENCE OF THE CRITICAL CURRENT 
OF BARE SUPERCONDUCTING STRIPS 
D. M. Kroeger 
Appendix I is a paper presented in August at the 1968 Cryogenic 
Engineering Conference at Cleveland. All of the data contained in it 
have been given in previous quarterly progress reports. This paper 
gives additional evidence to support the conclusions about take off 
presented previously (Reference 13 of Appendix I of this progress report) 
and reports the analysis of return point data (i. e. return to super-
conducting state) from which we obtained a heat transfer curve for a 
limited range in the film boiling regime. These results are compared 
to the Berenson correlation function (Reference 10 of Appendix I) for 
heat transfer in film boiling from a flat horizontal plate. 
A new project, to measure critical current as a function of tempera-
ture and field, has been started. The samples to be used are strips of 
NbTi alloys such as the ones used in our previous stability studies. 
These materials have been chosen because they exhibit a strong peak in 
with field, and we are particularly interested in studying the tempera-
ture variation of I in the region of the peak. In this report, we will 
describe the apparatus to be used. 
Figure 1 shows schematically a portion of the apparatus. Current 
contacts are made to the sample by pressing 1.5 cm segments at the ends 
between heavy, indium-tinned, copper blocks. These blocks are supported 
by (but electrically insulated from) a titanium plate. Titanium contracts 
somewhat less upon cooldown than the NbTi samples to be used, so that the
3 
use of a titanium support prevents buckling of the sample. The titanium 
plate is backed by a i/a" thick high purity (99.99%) copper plate which, 
because of its high thermal conductivity, insures that the ends of the 
titanium plate, and therefore the ends of the sample, are at the same 
temperature. The sample temperature is regulated by a heater wound from 
#40 constantan wire and attached to the bottom of the copper plate at 
the center. The apparatus is contained in a 3" diameter brass vacuum 
can, where it is supported, as shown, by 3/16" diameter brass rods, which 
are connected to the copper plate by heavy copper wire. These brass sup-
port rods are soldered to the top plate of the vacuum can, which is 
under liquid helium. Thus,these rods provide a heat leak to 4.2°K. The 
temperature is determined by the heater power. It is estimated that the 
power level necessary to bring the sample to 10°K (about 10 mw) would 
produce a temperature difference between the center of the copper plate 
(where the heater is) and the ends (connected to the brass rods) of about 
5 x l0 °K. 
Current is carried from inside the vacuum wall to the copper blocks by 
means of Nb3Sn tape, since this material has a higher T  than the samples 
to be tested, and should remain superconducting, thus minimizing power 
dissipation and consequent temperature rise of the sample above the 
value determined by the heater power. The samples to be used have small 
critical currents, so that the power dissipation due to joint resistance 
should be small. 
The leads (#40 copper wire) for measuring sample voltage are con-
tinuous (without solder joints) from the voltmeter to the sample, to 
avoid thermal emfs. Before being attached to the sample, the twisted
4 
pair was wrapped several times around one of the brass rods at the bot-
tom end near the copper plate, so that the leads were at very nearly 
the same temperature as the current blocks, for all heater power levels. 
Germanium resistance thermometers have been attached to each of the 
current blocks. Preliminary measurements with a sample in place indicate 
that near the transition temperature of the sample (".' 9.5°K) the dif-
ference in temperature between the ends of the sample is no greater than 
0.030K. This apparent difference may be a result of uncertainty in the 
calibration of one of the thermometers. 
The system is slow, requiring about 15 minutes to each equilibrium 
after a change in heater current. This is, of course, because the sample 
holder is rather massive, a fact which also gives the system stability. 
Because of the magneto-resistance of the germanium thermometers, 
temperature measurements must be made in zero field. Since the constan-
tan heater wire is not magneto-resistive and the thermal conductivity of 
an alloy such as brass should depend very little upon magnetic field, the 
temperature should not change when the field is applied.
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III. STEADY STATE PERFORMANCE 
OF MULTISTRAND SUPERCONDUCTING COMPOUND CONDUCTORS 
W. F. Gauster 
In the previous report, a theoretical investigation was made about 
superconducting compound conductors under the assumption that the fila-
ments are sufficiently thin and well bonded with the non-superconducting 
stabilizer that a uniform temperature T inside the compound conductor 
can be assumed. In the current sharing state with a constant external 
field and for conductor currents sufficiently higher than the critical 
current, the superconductor current is with good approximation a linear 
function of the temperature T. Based on this property and on the actual 
shape of the characteristic of heat transfer from the conductor surface 
to the liquid helium, it has been shown that a vertical tangent dI/dV = 0 
of the calculated steady state I-V (current-voltage) characteristic occurs 
before the maximum nucleate heat flux qM is reached. That is, the steady 
state performance is terminated at a power level less than 
During the last report period, we supplemented our theoretical 
investigation by the evaluation of measurement results. A short sample 
of a commercial compound conductor (manufactured by Avco-Everett Research 
Laboratory) was tested at a constant field of 55 kG at the liquid helium 
bath temperature T  = 4.20K. This compound conductor has many (252) 
fine strands of NbTi and, therefore, it might be assumed that the tempera-
ture distribution in the compound conductor is uniform. An analysis of 
the measured I-V characteristic in flux flow state using actual heat 
transfer measurements (Appendix II) yields the following results: The
[.1 
flux flow resistance R  of the superconductor increases continuously 
from zero (at the critical current) to a value R >> R , where fl f	 cu	 cu 
stands for the resistance of the stabilizer. Initially, (i. e. for 
R) the superconductor current I depends on the temperature T and 
on the voltage V (the field H is supposed to be constant). The function 
I(T, v) can be determined by experiments with varying bath temperature 
Tb. Since these experiments have not been done yet, we introduced 
tentatively the equation 
15 ( T ) v) = (1 -
	
i	 (v) 
T
C 
Here, T = T - T  and i might be identical with ' the difference 
between the critical temperature T c of the superconductor at the specified 
field H and the bath temperature Tb. Previously, we mentioned only the 
fact of an initial non-linear increase of I and no attempt has been 
made to determine the actual temperature and voltage dependence of 
in the regime Rf
	 cu	 s 
R . The determination of the I (r, v) function is

of interest since it has been suggested that the stability of the com-
pound conductor depends on 1 5 (r, v) (see Reference 10 of Appendix II). 
We found as the condition for initial stability (i. e. performance when 
the total current I just surpasses the critical current I) 
1dVI
1 
<	 (2) R	 dl	 a-i 
cu	 SO	 0 
V=0
(1) 
where a stands for the t1 Stekly a" (see Reference 2 of Appendix II)
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considering the initial tangent (slope h) of the characteristic of the 
heat transfer from the compound conductor surface to the liquid helium 
bath.
These results of an analysis of the steady state performance of a 
compound conductor with very fine strands can be used as the starting 
point for the computational analysis of the steady'state flux flow per-
formance of a compound conductor with thick filaments. Finally, it is 
demonstrated that the steady state analysis must be supplemented by the 
application of flux jump stability criteria.
IV. HEAT TRANSFER TO LIQUID HELIUM 
K. R. Efferson 
In the last report, data were presented for heat transfer from a 
cy1indrica1metal surface to liquid helium. The metal surface of the 
0 
probe was a copper film about 1000 A thick. Unfortunately, it was neces-
sary to resolder repeatedly the potential contacts which broke loose from 
the probe during cooldown. The resulting temperature cycling caused 
deterioration of the copper film at several places. Since the deteriora-
tion of the film made the results questionable, a new sample was prepared 
which was identical to the first one except that this Cu film was made 
00 
2000 A thick instead of 1000 A. Several experiments were performed with 
the new sample. No trouble occurred because of the potential contacts 
and no deterioration of the film was observed. These results were 
considered to be reliable and were included in a paper presented at the 
196 Applied Superconductivity Conference (Gatlinburg, Tennessee) (Appendix 
III). This paper is essentially a summary of significant heat transfer 
results and contains a discussion of the observed temperature fluctuations.
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INTRODUCTION 
One of the aims in the development of stabilized superconductors was 
the construction of magnets with performance predictable from measurements 
on short samples. It was believed that when the critical current was 
exceeded, the stabilized superconductors entered the current sharing 
regime or flux flow state which was terminated only when the power dis-
sipation exceeded the 'maximum heat flux in nucleate boiling, q n . Because 
is geometry dependent, 1 environment dependent, 2 sensitive to surface 
4 
conditions, 3 and difficult to measure accurately, a range of reported 
values for commercial material was not unduly alarming. However, recent 
careful measurements with controlled heat transfer conditions have revealed 
that the stability conditions, even for large copper-to-superconducting 
ratios, are quite complicated and a knowledge of 	 is not always suf-
ficient to explain the take-off or sudden transition from flux flow to 
complete normality.5 
With a view to understanding the stability problems associated with 
the termination of the flux flow state, complete test cycles (superconduc-
ting to flux flow to normal back to flux flow) were performed on bare 
strips of three NbTi alloy compositions in unrestricted helium flow. 
Although the samples studied had low critical currents and large surface-
to-volume ratios and were apparently overstabilized 6 (recovery current 
larger than critical current), it was nevertheless observed that the 
power at take-off was not dictated by the maximum heat flux in nucleate 
boiling. It will be shown that the magnitude of the take-off power and 
its anomalous dependence on magnetic field can be explained by means of 
temperature fluctuations due to local changes in heat transfer and a
13 
field dependent minimum propagating current. It will also be shown that 
analysis of the field dependent recovery power can give the heat flux 
as a function of temperature for the film boiling regime, which agrees 
well with conventional heat transfer measurements. 
EXPERIMENTAL 
The samples were cold-rolled strips of nominal composition 1b-5%Ti, 
Nb-lO%Ti, and Nb-25%Ti. This range enabled us to obtain relevant flux 
flow data on materials with similar critical temperatures, but with 
significantly varying upper critical fields, normal state resistivity, 
and critical current density. 
The ingots were arc-cast on a water-cooled copper hearth in an argon 
atmosphere at a pressure of about 250 Torr from starting materials 99.9% 
pure. After some cold-working, they were then annealed at 1250°C for 
two hours and fast-quenched in ice water. No additional heat treatment 
was applied after rolling down to the desired thickness. The samples 
were etched before and after the cold rolling. Sample thicknesses were 
approximately 0.12 mm for the Wb-25%Ti and Nb-lO%Ti, and 0.03 mm for the 
Nb-5%Ti. 
Flux flow measurements and critical current data were obtained at a 
bath temperature of 4.2 K with the field perpendicular to both the current 
and face of the foil. Measurements were made in a 6" bore 75 kG copper 
solenoid which produced a very uniform field over the dimensions of our 
sample. Current was introduced by pressing 2 cm lengths of the ends of 
the sample between indium-tinned brass blocks. Voltage contacts were
14 
soldered to thin strips of one micron thick copper which were vacuum 
evaporated onto the surface of the samples. Toavoid buckling of the 
sample upon cool-down, the support structure for the current blocks was 
made of titanium which has a smaller total contraction over the range 
300 to 4.2 K than the IbTi alloys. The support was rotatable, which 
enabled us also to make measurements with the field parallel to the sur-
face but still perpendicular to the current. 
RESULTS 
In Fig. 1, the voltage is shown as a function of current for various 
preset transverse fields for a Nb-25%Ti strip. For the 20 kG curve, the 
critical current (I), the take-off current (Ii), and the recovery cur-
rent (I) are indicated. The peak effect in critical current, I, is 
demonstrated and the non-catastrophic instabilities at higher fields and 
currents are evident. From such basic flux flow data the take-off power, 
IV and recovery power, 'r = 1rr and the flux flow resistivity, 
Pf = dV/dI were determined. The upper critical field at T = 0 was deter-
mined from a linear extrapolation of the iormalized p  vs H data. In Table I, 
the measured parameters of all three alloys are listed along with the cal-
culated Ginsburg-Landau parameter, K and the electronic specific heat 
coefficient, y. Both 7 and K are easily calculated from the GLP.G theory 
in the dirty limit, 7 7 = 3.2 x 10 (H 2(0)/pT) ergs - cm -3 - deg- 2 and 
K = 0.29 (H2(0)/71/2 T).
DISCUSSION
Recovery Power 
The return point data P = VI vs H are shown in Fig. 3 for I\Tb-lO%Ti.
15 
When the sample is in the normal state after a take-off or abrupt transi-
tion, the heat transfer characteristics which apply are those of film 
boiling. On reducing the power, the transition back to the flux flow 
state can be determined either by reaching the power associated with the 
minimum heat flux in film boiling, 	 (at which the temperature of the 
sample surface is A T  greater than the bath temperature TB), or by 
passing through the field dependent critical temperature, T(H) > A T f- - 
thus undergoing a normal-to-superconducting transition. The decrease in 
power associated with the transition to flux flow results in a return to 
nucleate boiling. These ideas will be made more clear by considering 
Fig. 3 along with Fig. 2. 
At high fields (11/11C2 > 1/2 for the 5% and 10% samples and 11/112 3/5 
for the 25% sample), P 
r 
was approximately constant. In this region, the 
transition out of the normal state was due to a film-to-nucleate boiling 
transition at b(= 0.45 ± 0.02 W/cm2), which reduced the sample tempera-
ture below the critical temperature for that field; hence, the sample 
returned to the flux flow state. In Fig. 3, an idealized heat transfer 
diagram, log j. vs log A T, is shown. In heat transfer work, the symbol 
is used for the power per unit area transferred from solid to liquid. The 
above ideas are based on a film-to-nucleate boiling transition temperature, 
T  larger than A T(H1) (= T  (H1) - TB), the normal-to-superconducting 
transition temperature associated with high fields. For simplicity, 
only one transition temperature is indicated. In fields below approximately 
H 2/2 for the 5% and 10% samples and3 Hc2/5 for the 25% specimen, the 
above condition was no longer valid but rather one can assume that the 
superconducting transition temperature T  (H2) (= T (112) - TB) was
16 
above the film-to-nucleate boiling transition temperature, A Tf . In 
this case, when the sample was in the normal state in film boiling and 
the power to the sample was decreased (by decreasing the current), the 
sample temperature decreased in accordance with the 4 vs T for the film 
boiling regime of the heat transfer characteristic. When the temperature 
of the sample was reduced below its critical temperature, A T (H2), 
before the minimum heat flux in film boiling, A Ti., was reached, then 
the normal-to-superconducting flux flow transition occurred first; and, 
as a consequence of the reduced heat production, the film-to-nucleate 
boiling transition followed closely. For this hypothesis to be true, 
the power level at recovery should be larger at low fields where the 
transition temperature is also largest. This is true, as shown in Fig. 2. 
Using the above ideas, the straight-line through the data points at low 
fields was combined with the dependence of H 2 on T to yield an expression 
for = f ( A T) for the film boiling region. Although we do not have a 
conventional measurement in this region for our material and geometry, 
it is nevertheless encouraging that the derived film boiling curve lies 
between the data of Lyon 1 and Eastman and Datars. 
From the data in Fig. 2 and similar data for the other compositions, 
the power dependence on field (with notation P (H) = J is given by 
= -m H 2 (T) +
	
r (T),	 (1) 
where Pr(Tc) is the power corresponding to the zero field transition
17 
temperature. A quadratic dependence of the upper critical field on 
temperature was found to best fit the available data for the Nb-5%Ti 
and the Nb-10%Ti, while a 3/2 power law was necessary for approximating 
the data, of the Nb-25%Ti. For the 5% and 10% samples then, 
H 
c2	 c2	 c (T) = H (0) [1 - (T/T )2]
	 (2) 
Substituting H 2(0) and T from Table I, and combining Eqs. (1) and (2) 
enable one to calculate tj. as a function ofn, T (= T - TB). A plot of 
log 4 vs log T with TB = 4.2 K is shown in Fig. 4 for both the Nb-5%Ti 
and Nb-10%Ti strips. A - T diagram for the I'Tb-25%Ti sample, derived 
in the same manner as the others except for the substitution of a 3/2 
power for the square dependence in Eq. (2), was similar. For all three 
alloys, the temperature dependence of the heat transfer was linear and 
of the form
= 0.039 A T + constant.	 (3) 
This linear temperature dependence for the film boiling regime agrees 
1	 3 
with the data of Dory, 9 while Lyon and Cummings and Smith both give 
0.92 
q x T	 . Our method of determining q is not sufficiently accurate 
over so small a temperature range to distinguish between these two values
18 
of the exponent. The linear temperature dependence and value of the 
slope are also in remarkably good agreement with the Berenson correlation 
for the heat transfer in film boiling from a flat horizontal surface. 10 
However, without an added constant, the magnitude does not agree. Using 
the appropriate values for helium and an average A T = 3.5 K, the 
Berenson correlation yields
= 0.034AT •	 (4) 
The experimental values found for A T  (= 2.75 ± 0.2 K) agree also with 
the data of Cummings and Smith. 3 However, the magnitude of if = 0.45 
± 0.2 W/cm is much larger than the values reported by conventional 
techniques. 
Owing to the fact that surface position relative to the bath is known 
to be important, 1 it was considered useful to compare the recovery data 
of a "sideways" position with the above data taken with the sample in a 
position having a " top" and "bottom" to determine the effect of surface 
orientation on film boiling. Accordingly, the I\Tb-10%Ti sample was rotated 
0	 - through 90 about its long axis so that the field was parallel to the 
faces but still perpendicular to the current. The recovery power data 
for this geometry is shown in Fig. 5. 
Proceeding in a similar manner as discussed above, the power vs 
T was calculated and is shown in Fig. 6 along with the perpendicular 
case for comparison. The heat transfer could be fit to a linear tempera-
ture dependence in this case also, but the slope was changed as well as 
the intercept. The form of the "sideways" characteristic was
19 
= 0.02 A P + constant.	 - (5) 
While this analysis and technique may not provide heat transfer data as 
accurate as the conventional heat transfer measurements where the tempera-
ture is measured directly, it nevertheless raises the interesting pos-
sibility of being a useful tool to investigate unusual or difficult 
geometries,, should the need arise. 
Take-Off Power 
The result of our experiments on all three compositions was that the 
take-off or sudden transition to the normal state did not occur at a 
power dissipation corresponding to the peak heat flax in nucleate boiling 13 
even though the samples were well cooled, 6 since (except for the lowest 
fields) the recovery current, 
'r' 
was greater than the critical current, 
The flux flow power dissipation at take-off was nearly always less 
than Qf and also exhibited a dependence on field. These anomalous results 
were caused by local temperature fluctuations due to local changes in the 
efficiency of heat transfer. The following facts provide evidence that 
such fluctuations occurred. (1) Fluctuations in the flax flow voltage 
were observed at high power levels even with H and I held constant. This 
would seem to preclude flax jumps as the cause. (2) The temperature 
fluctuations were observed directly on the surface of the superconductor 
by means of a carbon thermometer (see discussion below). (3) Extremely 
large temperature fluctuations have been observed in a conventional heat 
transfer experiment utilizing a thin-walled stainless steel tube of low
20 
thermal conductivity and heat capacity. 12 
Over most of the field range, H/Hc2 > 0.3, take-off commenced as 
soon as the minimum propagating current was exceeded since normal zones 
were constantly being created by the temperature fluctuations. The mini-
mum propagating current, I, is the current necessary to cause thermal 
propagation of a normal zone. Hence over most of the field range I 
= 
At low fields, H/H < 0.3, take-off occurred at currents larger than I 
c2 ^ p 
Here take-off commenced when the power dissipation was high enough to get 
a meaningful temperature fluctuation which created a normal zone. It 
takes a higher power dissipation at low fields to create a quasi-stable 
normal zone as the critical temperature is larger and the flux flow 
resistance is lower than at high fields. The lower the flux flow resistance, 
the greater the tendency for the current to bypass a normal zone resulting 
in a transient. 
The important quantity in understanding take-off is not the actual 
power dissipation per unit area, P ' but the current level and the pos-
sible dissipation in a normal zone, I2R/S (W/cm2), should one be created 
by the instability mechanism associated with heat transfer. Here, S is 
the surface area between voltage contacts--all of which was in contact 
with liquid helium. It will be helpful to discuss the normal zone dis-
sipation and its relation to heat transfer shown in Fig. 3. Although the 
flux flow dissipation may be at a low magnitude in the nucleate regime, 
temperature fluctuations can create normal regions where the dissipation 
and temperature may be well into the film boiling regime. If 1 2R/S < 
no stable state existed in film boiling and the zone returned to the 
nucleate state. The current was not high enough to sustain normality.
21 
If 12R/S > qn, the normal zone was not only stable in film boiling but 
it always propagated. For these compositions, the highest value of the 
minimum propagating current was I(max) = (S /Rn)1/2 , although there is 
no contradiction of our present understanding if some power level other 
than • should be associated with I (max). The third case and the one 
that occurred over most of the field range, H/H 2 > 1/3, was when I2Rn/S 
was between 4n and	 . Here, a local temperature fluctuation of sufficient
magnitude could result in a quasi-stable normal zone which did not return 
to the nucleate regime. At this point, stability rested on whether the 
current was less than or equal to the minimum propagating current. In 
this case the normal zones occurred first and so the take-off current was 
just the minimum propagating current. For the whole field range then, 
it was the simultaneous occurrence of a normal zone and a current at or 
above the minimum propagating current that terminated the flux flow state. 
The evidence that I t	 p 
could be identified with I was: (1) a small heater 
placed on the surface of the strip in flux flow was used to create a 
normal zone which remained when the heater was turned off. The current 
was increased, and I measured in this manner agreed with I measurements 
taken with the heater in place but unused, so as to maintain similar heat 
transfer conditions. 13 (2) A carbon thermometer with the paint removed 
and one side filed flat was mounted on and insulated from the sample by 
* 
means of a thin layer of varnish.	 It was mounted just outside the voltage 
*	
G. E. 7031 insulating varnish.
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contacts but well inside the current contacts. The voltage drop between 
the current blocks, the flux flow voltage, and the temperature (carbon 
resistance) were monitored by means of X-Y recorders. Figure 7 shows 
both the flux flow voltage and the temperature vs current at a constant 
preset transverse field. It is clearly evident from the temperature 
measurement that there are temperature fluctuations and that a nucleate-
to-film boiling transition occurred in a region around the thermometer 
shortly before the flux flow voltage reached the take-off point. Although 
the absolute value of temperature cannot be given because a good portion 
of the resistor was also in contact with helium, even the average tempera-
ture of the resistor was above the critical temperature at the transition 
point. The voltage drop across the current contacts showed a jump super-
imposed on the flux flow voltage at the same current value that the 
thermometer indicated the nucleate-to-film boiling transition. There 
is no doubt that a normal zone was created prior to' take-off, and that 
it remained in quasi-equilibrium until the minimum propagating current 
was reached. 
It can now be shown that the simple assumption of a linear dependence 
on field for the minimum propagating current and the usual assumption for 
the dependence of flux flow resistance on field allows one to correctly 
calculate the take-off power vs field without introducing any arbitrary 
parameters. A measurement of I vs H and the material constants R, Tc 
and H 2(0) are sufficient for a calculation of P vs H. The constant, 
T, along with H2(4.2 K) obtained from the 
'c 
vs H can be used to compute 
H 2(0) (or alternately R, T, and y can be used in the GLAG theory  to 
give H 2(0) ); and thus, no flux flow data are needed.
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In the flux flow state, the power per unit area is given by 
= 1(1 - i 
C	 f ) R Is ,	 (6) 
where R  is the flux flow resistance in ohms. Above H/H 2 113, the 
power at take-off is determined by the minimum propagating current, 
S H 
[	
R n (0) J lI p (H) [I p (H) - I c (H)JH,
	 (7) 
=
c2 
where the substitution Rf/R = H/H 2 (0), which neglects the temperature 
variation of Rf , has been used. 4 It has been observed that the minimum 
propagating current is largest at zero field and lowest at high fields 
(H 2). Since the maximum and minimum values of the propagating current 
are determined by the corresponding maximum nucleate boiling heat flux 
and minimum heat flux in film boiling, we can give the limits of the 
minimum propagating current (in amp) as max I = (S /R)1 2 and mm 
'p = 'r = (S 
/R)1/2. If between these limits, a linear variation 
with field is assumed, then
 ^ 
I	 =	
s 11/2 1 [.12	 + 1/2 H]
	 () 
p	
(H2-H 
n	 c2 
This expression fits the experimental data quite well. Substitution of
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Eq. (8) in Eq. (7) readily yields the dependence of P on H with only a 
measurement of I vs H. Figures 2 and 8 show the measured P vs H for 
Nb-10%Ti and Nb-.25%Ti, respectively. The calculated P given by Eq. (7) 
plus (8) is also shown with the assumption that 	 = 0.8 W/cm2 and
qf = 0.45 ± 0.02 W/c 2 in . There is no doubt that the shape and even to 
some extent the magnitude of P vs H is of no fundamental significance 
but is mostly determined by 1(H) and the fact that R f Cc H. For the 
high field region, one could presumably obtain even a better fit between 
measured and calculated P by using the better approximation for R at 
high fields, namely, R/R = exp. A(H - Hc2) (Reference 15), but this 
would introduce a parameter A which is different for each sample. Our 
aim was not to calculate this data exactly but to illustrate the relevant 
factors that determine the shape and magnitude of P vs H data. 
The relevance of these observations for compound conductors has not 
been determined as yet. It is clear that the presence of copper as a 
stabilizer would dampen the effects of the temperature fluctuations but 
whether the amount used in present partially stabilized commercial super-
conductors render them harmless remains to be investigated. 
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TABLE I 
Measured and Calculated Parameters for NbTi Alloys 
1b-5%Ti	 Nb-10%Ti
	
Nb-25%Ti 
A [iO	 cm2] 
S {iO cm2] 
T [K] 
4L cm] 
H 2 (4.2 K)	 [kG] 
H 2 (0) [kG] 
y[k erg cin	 -K	 I
	
73.5	 257	 383 
	
48.9	 50.4	 152 
9.2 (a)	 9.2 (a)	 9.8 (b) 
8.4	 13.4	 31.2 
16.5	 36	 73 
19.5	 37	 100 
8	 10	 10 
1K
	 7
	
12
	
29 
(a) W. A. Fietz andW. W. Webb, Phys. Rev. 161, 423 (1967). 
(b) J. K. Huim and R. D. Blaugher, Phys. Rev. 123, 1569 (1961). 
(c) All other values were measured or calculated in the present work. 
27 
FIGURE CAPTIONS 
Fig. 1	 Flux flow voltage vs current (dI/dt 0.1 A/sec) as a function 
of transverse field. The critical current (I), take-off 
current (I), and recovery current (I r)are indicated for the 
data atll=2OkG. TB=4.2K. 
Fig. 2
	
Recovery power, P r = VI, (solid circles) and take-off power, 
Pt = v. i, (open circles) vs transverse field at TB = 4.2 K. 
The region where P depends on film-to-nucleate boiling 
transition is indicated by a constant value ( 0.44 W/cm2). 
The region where P depends on a normal-to-superconducting 
r 
transition while still in film boiling is indicated by the 
equation. The calculated take-off curve is obtained from 
Eqs. (7) and (s). 
Fig. 3	 An idealized heat transfer diagram log vs log A T (=T - TB). 
The maximum nucleate heat flux is and 4f is the minimum film 
boiling heat flux. A T  (H1) = T c (H1) - TB is the transition 
temperature minus bath temperature region associated with high 
fields while A T  (H2) is similarly associated with low fields. 
For simplicity, only one A T (H) for each field range is shown. 
Fig. 4	 The log of power vs log of temperature difference between 
surface and helium bath for the film boiling regime. Both 
curves are of the form' = 0.039 A T + constant with T 
= Tc (H) - TB and TB = 4.2 K. 
Fig. 5	 Recovery power, P r = VI, vs magnetic field parallel to the 
surface at TB = 4.2 K. The field dependence of P is shown.
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Fig. 6	 The log of power vs log of temperature difference between sur-
face and helium bath for the film boiling regime at TB = 4.2 K. 
The sample with field perpendicular has a "top" and "bottom" 
surface and with the field parallel, it has two "sideways" 
surfaces. 
Fig. 7 Flux flow voltage and temperature (carbon thermometer voltage) 
vs current for a bare strip showing the existence of a normal 
zone before take-off commenced. 
Fig. 8	 Take-off power,	 VI :VS transverse field at T3 = 4.2 K. 
The calculated curve is obtained from Eqs. (7) and (s).
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transition is indicated by a constant value ( 0.44 W/cin2). 
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Fig. 3	 An idealized heat transfer diagram log vs log A T ( =T - TB). 
The maximum nucleate heat flux is and 4f is the minimum film 
boiling heat flux. A T0 (H1) = T c (H1) - TB is the transition 
temperature minus bath temperature region associated with high 
fields while g T (H2) is similarly associated with low fields. 
For simplicity., only one A T c (H) for each field range is shown.
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Fig. 7 Flux flow voltage and temperature (carbon thermometer voltage) 
vs current for a bare strip showing the existence of a normal 
zone before take-off commenced.
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The calculated curve is obtained from Eqs. (7) and (s).
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STEADY STATE PERFORMANCE OF

MULTISTRAND SUPERCONDUCTING COMPOUND CONDUCTORS 
W. F. Gauster 
* 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 
ABSTRACT 
A careful numerical analysis of a measured steady state I-V (current-
voltage) characteristic of a superconducting compound conductor is reported. 
Since the diameter of the superconducting filaments is very small, a uni-
form temperature T inside the conductor is assumed. The actual, non-linear 
heat transfer from copper to the helium bath (temperature T b ) is taken 
into account. Furthermore, it is considered that the flux flow resistance 
R  of the superconductor increases from zero to values much greater than 
the copper resistance Rcu• For R 	 the superconductor currentcu 
is a function of the field H, the voltage V, and the temperature T. For 
R f	 cu S >> R , I is a function of H, independent of V, and a linear function 
of T. The value of this function at the bath temperature T  proved to 
be appreciably greater than the critical current. In the absence of flux 
jumps, the current sharing state should be terminated by the steady state 
condition dI/dV = 0 which in the presented case occurs before the transi-
tion from nucleate to film boiling. The actual "take off" (sudden transi-
tion into the normal state) observed was even below the mentioned steady 
state limit. These findings are relevant for an understanding of the 
performance of compound conductors with thick filaments. 
*
Operated byUnion Carbide Corporation. Work sponsored by USAEC and 
George Marshall Space Flight Center, NASA.
39 
I. INTRODUCTION 
We made a thorough analysis of the steady state performance of a 
particular multistrand compound conductor in the current sharing state. 
Independent measurements of the heat transfer from a metal surface to 
the liquid helium bath' were used. This investigation on a multistrand 
compound conductor with very fine filaments led to a clearer understanding 
of the current sharing state of a compound conductor and showed that several 
of the assumptions on which the various theories of compound conductors 
have been based are not realistic. However, it should be kept in mind 
that despite all the necessary improvements the understanding of the 
current sharing state of a compound conductor has been essentially advanced 
by Z. J. J. Stekly's theory. 2 Similarly, our investigations are based on 
Y. B. Kim's work on the flux flow in superconductors of the second kind.3 
II. MEASURENT OF THE I AND I t CHARACTERISTICS C  
For our experiments, we used a superconducting compound conductor 
with very fine strands. We chose a conductor manufactured by Avco Everett 
Research Laboratory with 252 strands of NbTi. This conductor has a 
rectangular cross section of 57 mils x 114 mils (0.145 cm x 0.29 cm) 
corresponding to a total area A = 4.2 x 102 cm2 . The 252 strands toget-
her have a cross section area A = 1.15 x 102 crri2 . Therefore, the copper 
to superconductor ratio is Acu/As = 2.65. The ratio (in zero magnetic 
field) of copper resistance at room temperature to that at 4.2°K is 160. 
At various external magnetic fields, the critical short sample cur-
rent I (current at which a voltage larger than 106 volt/cm starts to
40 
appear) has been measured (Fig. 1). When the current I exceeded 
there was a smooth transition into the current sharing state. Finally, 
a sudden transition occurred into the normal state ("take off current?t 
Fig. 1). 
In addition to these short sample tests, we made experiments with 
samples from which we removed the copper over a length of about 10 cm by 
etching so that the bare Nb-Ti filaments were exposed to the liquid helium 
bath. Tests similar to the previously described short sample tests were 
madet
 (Fig. i). The bundle of bare superconducting wires displayed much 
lower critical currents I , and a flux flow zone corresponding to the cur-
C 
rent sharing state could not be observed (i = P in Fig. 1). This 
result is of interest since the sum of the wetted perimeters E P of the 
bare filaments is 6.9 times the perimeter P = 0.87 cm of the unetched 
compound conductor, i. e. the steady state heat transfer from the bare 
superconducting filaments to the helium bath is much better than that of 
the compound conductor. Obviously, flux jumps which are not "dangerous" 
for the compound conductor become "catastrophic" for the bare super-
conductor bundle and cause the premature current quenching. 
III. HEAT TRANSFER FROM THE COMPOUND CONDUCTOR SURFACE TO

THE HELIUM BATH 
In order to analyze the performance of compound conductors in the 
**
These measurements were made by D. L. Coffey. 
t	 These experiments were performed by J. E. Simpkins.
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current sharing state, it is desirable to know the dependence of the 
heat flux (in watts/cm 2 ) from the compound conductor surface to the 
helium bath as a function of the difference T between the conductor tem-
perature T and the bath temperature Tb. The results of measurements made 
by K. R. Efferson 1 are represented in Fig. 2. The insert (b) in Fig. 2 
shows that Efferson's cylindrical probe had a cross section different 
from that of the compound conductor used so that the heat transfer data 
do not exactly apply to our analysis. Nevertheless, these data are, of 
course, more realistic than a linear heat transfer relation  
= hT	 (1) 
or a simple power law4
q = h * 'r n
	
(2) 
for the entire range of heat convection and nucleate boiling. 
Efferson's and other heat transfer measurements from metal surfaces to 
liquid helium5 yield an approximately linear characteristic Eq. (1) only 
for very low 'r with values of h 0 in the order of 102 watts/cm2
 °K (Fig. 
2a). If we apply Stekly's a-criterion 2 , using this h0 value, we find 
that any practical compound conductor should be unstable for currents 
only slightly in excess of I which is obviously untrue. In order to 
clear up this discrepancy, we have to investigate the dependence of the 
superconductor current I on the magnetic field, the temperature, and 
the voltage V along the conductor.
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IV. .CURRENT AND TEMPERATURE ANALYSIS 
Fig. 3 shows a current-voltage diagram of a sample of the compound 
conductor "CO 252 with an external field H = 55 kG and with a helium 
bath temperature T  = 4.2°K. The sample was uninsulated and the cooling 
by the surrounding liquid helium was unrestricted. More experimental 
details of similar experiments have been reported in Reference 6. The 
critical current at the bath temperature was 'b = 900 amp. The voltage 
V was measured between voltage contacts separated by 16.2 cm. The total 
current I consists of the copper current 'cu and the superconductor cur-
rent I
5
	
I = I	 +1.  
cu	 S	
(3)
 
The Is -V diagram (Fig. 3, broken line) was determined by 
	
I = I-I	 =  
5	 cu	 R	 (4)
cu 
The copper resistance Rcu at a field of 55 kG at 4.2 0K was 1.65 x 10 ohm. 
The temperature dependence of Rcu below 10 0K is weak. 
For any point of the I-V characteristic, the power dissipated to 
the helium bath is
IV =	 = P.e(t) .
	 (5) 
By means of the measured heat transfer characteristic (Fig. 2), the tem-
perature difference t between the copper temperature Tcu and the bath
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temperature Tb can be determined (solid line in Fig. 3 with temperature 
scale on the top). We will assume that the temperature T of the super-
conducting strands is almost equal to the copper temperature T, L e. 
T 
5	 cu 
= T = T. This assumption is permissible if the bond between the 
strands and the copper is very good and if the filament diameter d  
is sufficiently small ("subcritical filament diameter"). In our case 
d 	 7 x 
10-3 cm. A rough estimate of the temperature differences inside 
the filaments 7 yields values in the order of a few hundredths of a degree. 
Because of this fact and since the cross sectional shape of the probe 
used for the heat transfer measurement differs somewhat from that of the 
compound conductor, we do not claim a high accuracy of the numerical 
values presented. However, the numerical uncertainties expected do not 
influence the general meaning of our results. 
The increase of T with V is monotonic but non-linear. Initially, 
I increases simultaneously with the temperature. For small temperature 
differences, the critical current can be taken as 
=	
T - T, 
c	 cb	 - T, - Tb) = 'cb	
-	
(6) 
where T  stands for the critical temperature of the superconductor at the 
given external field. 8 Therefore, 
'c 
decreases with increasing T in 
contrast to the performance of I. That is, we are not allowed to identify 
with I and a further analysis of the I performance is necessary. 
V. FLUX FLOW PERFORMANCE OF HIGH FIELD SUPERCONDUCTORS 
Since the basic work of Y. B. Kim, et al. 3 , many investigations on
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the flux flow performance of superconductors have been published. Experi-
ments with bare superconductors with low pinning forces (e. g. Nb-Ti 
with 5 or 10% Ti 9 ) are less disturbed by flux jumps than commercial high 
field superconductors. From such experiments and from experiments with 
compound conductors (i. e. commercial high field conductors stabilized 
by well bonded coppe or aluminum), we can derive a semi-quantitative 
picture of that flux flow performance of bare high field superconductors 
which would be displayed if no disturbance by flux jumps would occur. 
The flux flow resistance 
H	 dV11Rf(H, T) = Pf(H r) - =
	
(7) 
S	 S 
of the superconducting part of AVCO 252 is several orders of magnitude 
higher than the copper resistance R (except for very low voltages as
cu 
discussed later). With the voltage scale shown in Fig. 4a, we can expect 
I -v characteristics for constant H and various values of T in the form 
S 
of almost straight lines. That is 
	
V = R f ( I - i)	 .	 (8) 
With the same voltage scale, the voltage characteristics of a separated 
copper conductor with the resistance R = 1.65 x 10 ohms is almost
cu 
a horizontal line. 
Fig. 4b shows similar diagrams, but with a different voltage scale. 
Now the copper resistance characteristic (broken line) has a visible 
slope. The voltage characteristic of the superconductor for T > T is
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almost a vertical line. For 0 < T < T the voltage characteristics 
consist of two parts: for small voltages a curved portion (indicating 
R  is of the same order as Rcu) 10 and for larger voltages an almost vertical 
part (Hf >> B). In the latter range, I is independent of V and this 
value is designated by I(H, T). 
1 is different from the critical current i:
	
Therefore, Eq. (8) 
is not correct and should be replaced by two equations: 
R f	 Cu >> H :	
V = Rf(H, 'r) [i - I 
0 
(H, T) ]
	
( 9) 
Rf "	 R cu :	 V = V (H, T, i 8) .	 ( 10) 
If the voltage is recorded with low sensitivity (Fig. 4a), the value 
considered to be I is in reality an I value. In such experiments, often 
a "noise" can be observed before the voltage starts to increase linearly. 
The initial increase of the superconductor current I of a compound 
conductor (Fig. 3) can be understood by considering Fig. 5. Several
	
isothermal flux flow characteristics (indicated by T = 0, T	 T , .... T ) 
	
1	 2	 6 
of the superconducting part alone are shown schematically. With increasing 
total current I, the temperature T of the compound conductor is raised 
above the bath temperature Tb, 1. e. T = T - T  increases and the actual 
I characteristic of the compound conductor intersects in the points 
designated 0, 1, 2, .... 6  the isothermal flux flow characteristics shown.
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VI .
 EVALUATION OF THE I VALUES RESULTING FROM 
S 
THE SHORT SAMPLE EXPERI}.IENT 
In Fig. 6a the I values of Fig. 3 are plotted vs the temperature 
difference T. Starting with 'cb = 900 amp at t = 0, i increases first 
in a non-linear fashion. For T > 0.3 0K the superconductor current Is 
decreases linearly. The linear extension of the straight part of the 
characteristic intersects the T = 0 axis at the point 'ob ' 1250 amp. 
* 
The intersection T with the I = 0 axis might be close to T = T - T 
c	 s	 c	 c	 b
We do not know the exact values of the critical temperature T(H) of the 
NbTi material used in the conductor AVCO 252, and we therefore designate 
the intersection with T  instead of	 Considering Figs. 4 and 6, we 
write: 
R >>R:	 I	 I =1 'l	 T' 
---	
(11) f	 cu	 s	 a	 ob\\
 
C 
Our experiments with constant bath temperature T  yield only single 
points of various isothermal flux flow characteristics (Fig. 5). Before 
results of experiments with various bath temperatures are available, we 
can try to obtain an approximate value of the isothermal characteristic 
i (H = 55 kG, T = 4.20K, v) in the following way. Let us assume that 
for any V value in Fig. 5 the superconductor current at a temperature T is 
Rf	 R :	 I (H, T V) = (1 -	 ) Isb(H, V)	 (12) cu	 S
T
C 
as the simplest generalization of Eq. (11). Thus, points of the isothermal 
characteristic of T = 0, i. e. ISb(H, v), can be obtained by dividing the
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I(H, t, v) values (Fig. 3) by the factor	 - _) . The result of this 
procedure is shown in Fig. 6b.	 c 
It is of interest to compare Eq. (12) with El Bindari's 10 basic 
assumptions 
V =	 k I (I	 -i ) 
n 5 s c
=Icb(l_••••) 
They lead to 
Vbc V Icb(  
=- 1 -
-4 R
c n
which is in contrast to Eq. (12). 
VII. STEADY STATE PERFORMANCE AND THE "TAKE OFF CURRENT"

OF THE AVCO 252 SAMPLE 
In Fig. 7 the I-V characteristic of the AVCO 252 sample for the 
H = 55 kG and Tb = 4.2°K as shown in Fig. 3 is replotted. In our special 
case, the observed "take off" occurred with a heat flow from the conductor 
surface to the liquid helium bath of 	 -' 0.25 w/cm 2 . This value is much 
below the maximum nucleate heat flow 4M = 0.985 w/cm 2 (Fig. 2). It has 
been suggested" that the transition from nucleate to film boiling should 
determine the take off current if current sharing takes place after sur-
passing the critical current I. Obviously, our observed take off value 
4 
cannot be understood by simple heat transfer arguments. 12 The "premature" 
take off seems to be due to flux jumps. 13 In this connection, the "minimum 
propagation currenttt14.is of importance. 
As will be discussed in the following section, it is possible to 
calculate an extension of the observed steady state I-V characteristics 
which could be expected if the take off would not occur due to dynamic 
phenomena (Fig. 7 broken line). This curve reaches eventually the curve 
IMVM =
	
M = Ptq(r) = 0.95 P. .
	 (13) 
With q = 0.7 w1cm 2 , the tangent	 becomes vertical, i. e. for larger 
values the total current I should decrease. This would indicate an 
instability of the steady state performance (assumed to be not disturbed 
by flux jumps) before reaching the maximum nucleate heat flux 
Finally, in Fig. 7 two additional curves are shown. One (dotted 
line) is the steady state performance expected from the linearized 
theory. 2 From Fig. 2, an average h has been used which corresponds to 
an average Stekly a-value, a 1 0.4. The solid line at the left top of 
Fig. 7 represents the voltage
V t
 = R 
cu 
which would occur if the total current I would flow through the copper 
only, i. e. if the superconducting strands would be interrupted. The 
intersection of this curve with the q- curve (Eq. (13) ) yields the 
"broken wire limittt.15
(14)
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VIII. STEADY STATE PERFORMANCE OF COMPOUND CONDUCTOR WITH 
THIN FILAMENTS 
	
Suppose R, ISb(H, v), 'r	 (Eq. (12) ), and the heat flux 
characteristic	 r) of a compound conductor are known. Furthermore, 
we specify one constant value of H. In order to simplify the designation, 
we will not explicitly indicate the H-dependence of the quantities concerned. 
From Eqs. (4), (5), and (12) follows: 
	
P1(T)	 V  
f	
( 
cu	 V	 R	
=	 - T ) Isb (v).	 (is) 
CU	 T / 
C 
For each specified value of t, Eq. (is) allows to calculate a V-value. 
Finally, from Eq. (5), the corresponding I-value can be obtained. Thus, 
the steady state I-V characteristic of the current sharing zone can be 
determined. Of course, "premature take off" due to flux jumps is not 
taken into account. For R f	 cu	 sb >> R , the function I (v) is equal to the 
constant 'ob (compare Eq. (11) ),and Eq. (15) becomes a simple quadratic 
equation which can be easily solved. 
As another numerical example, we consider a compound conductor similar 
to AVCO 252, only the outside dimensions are reduced from 57 mils x 114 mils 
( 0.145 cm x 0.29 cm) to 45 mils x 90 mils (0.1143 cm x 0.2286 cm). There-
fore, P = 0.6858 cm and Acu/As = 1.27. The copper resistance at 55 kG 
is R = 3.447 x 10 ohm. 
cu 
In Fig. 8 the steady state flux flow characteristics of AVCO 252 
and of the compound conductor with reduced copper are represented. The 
second characteristic shows a vertical tangent and, therefore, an instabil-
ity with 4 = 0.05 w/cm2 . A stable portion of the characteristic should
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be reached with 4 = 0.30 v/cm2 . This value is larger than = 0.25 w/cm2 
where an instability of the AVCO sample was observed. Very probably 
q = 0.05 w/cm2 would be the actual take off heat flux of the second 
sample. 
As shown in Fig. 8, the flux flow characteristic of the second 
compound conductor displays another vertical tangent with q = 0.77 w/cm2. 
This value is smaller than	 = 0.985 v/cm2 and shows again that the 
maximum nucleate heat flux cathiot be reached. 
In order to find the point dI/dV = 0 of a flux flow characteristic 
in the region R±. >> Rcu it is not necessary to determine the complete 
flux flow characteristic. From Eqs. (4), (5), and (6) follows 
dr /	 •dt'\	 1 
-(1 -T+Q—)= 
dQ'\	 dQ/	 R 12 
cu ob 
The left side of this equation depends only on the heat flux characteristic 
= P2j( ,r) (see Fig. 2). Thus, for various copper resistance values 
the dI/dV points can be conveniently determined by means of Eq. (16) 
We mentioned already that Stekly's a-criterion using realistic h 
values would always predict instability for currents only slightly in 
excess of 1 ("initial instability"). The quantity 
R 12 
- cu cb 
o -	 * 
Ph T 
o c
(16)
(17) 
is practically always much larger than 1.0. Using Eq. (15), the following
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criterion for the initial stability can be derived 
1	 dV 
1	 1< 
c
dl	 a -1
u	 so	 0 
vO 
That is, initial stability can be achieved for any a if the initial 
tangent on the curve 1(v) is flat enough. Before more experimental 
data are available, we do not know whether or not Eq. (18) has any 
practical importance. It might be that the slope of the initial tangent 
of the isothermal i 0(v) curve is practically always zero. In this case 
after I surpasses I, the first vertical tangent 	 = 0 might be thedV 
decisive steady state stability condition. 
IX. STEADY STATE PERFORMANCE OF COMPOUND CONDUCTORS WITH 
THICK FILAMENTS 
Attempts to understand the steady state performance of compound 
conductors with thick filaments and to determine a "critical filament 
diameter" have been made by several authors- 7 Our analysis of the per-
formance of a compound conductor with strands of "sub-critical diameter" 
should be applied to the mentioned more complicated task. The following 
points are important: 
(a) It is essential to consider the actual heat flux function 
A linear approximation (Eq. (1) ) or a simple power law (Eq. (2) ) for 
the entire range of heat convection and nucleate boiling yields unrealistic 
(18) 
results.
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(b) The local current density in the superconductor should not be 
assumed in the form of a linear equation of the temperature only, cor-
responding to Eq. (6). An "Ansatz t' for the current density is correspond- 
ing to Eqs. (11) and (12) 
	
Pf >> P cu
	 •r, v) = j 8 (H, T) 
= job	 (1 -	 )	 (19) 
C 
	
pcu
	 T v) = (i -
	
iSbH, v)
 * )
	
(20) 
c 
might be adequate. job is not identical with the critical current density 
3cb at the bath temperature. 
(c) Finally, it is necessary to consider the temperature dependence 
of the heat conductivity of the superconductor. 
Work on the performance of compound conductors with thick filaments 
considering these three essential points is in progress here. 
CONCLUSION 
Our analysis was based on current-voltage measurements obtained with 
one specific multistrand compound conductor sample and on heat transfer 
measurements with a , probe of similar geometry. Our analysis led to a 
better understanding of the current sharing state, however, the "take off" 
observed in our special case was obviously determined by phenomena not 
considered in our steady state analysis. 
A further important step will be to apply flux jump stability
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criteria to the equilibrium states resulting from our analysis. The 
obvious final step is to proceed from the statics and dynamics of short 
samples to the performance of complete magnet coils. Many results of 
investigations done by various authors can be applied to this task; however, 
the importance of the modest first step to understand thoroughly the 
steady state short sample performance should not be overlooked. 
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FIGURE CAPTIONS 
Fig. 1	 Critical current 
'c 
and "take off current" I of sample AVCO 252 
in transverse magnetic field of 55 kG. I and I are obtained 
with bare filaments (copper removed by etching). 
Fig. 2	 Heat transfer from cylindrical sample to liquid helium (K. R. 
Efferson1). Insert (a) shows initial portion of heat flux 
characteristic. Insert (b) is a comparison of Effersonts 
sample cross section (120 mils diameter) with that of AVCO 252. 
Fig. 3	 Total current I (solid line) and superconductor current I 
(broken line) vs voltage V of AVCO 252 sample at 55 kG. Dif-
ference 'r between conductor temperature T and bath temperature 
T  vs voltage V is shown by the solid line at left (temperature 
scale on top of figure). 
Fig. 4	 Schematic of the expected current-voltage characteristics of 
the separated superconductor (solid lines) and copper (broken 
lines) portions of the compound conductor sample with an external 
field of 55 kG. (a) and (b) are hypothetical recordings with 
different voltage scales. 
Fig. 5	 Schematic of isothermal flux flow characteristics of the super-
conductor part of the compound conductor for T - T b = 0 1 t
1 
• ... T . The curve 0, 1, 2 1
 .... 6 is the superconductor 
2	 6 
current I characteristic of the compound conductor. 
Fig. 6
	
Evaluation of the superconductor current 
Is 
of the AVCO 252 
sample at 55 kG. (a) shows a plot of 
Is 
vs T which consists 
of a curved part (flux flow resistance R  of the superconducting
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portion is of the same order of magnitude as the copper 
resistance R) and a straight part (Rf >> Rn). (b) represents 
part of the isothermal superconductor flux flow characteristic 
for t = 0 which corresponds to Rf R. The other part 
(Rf >> R, not shown here) is a vertical straight line 
( l b = Ib) extending the curved part at V = 1.5 m V upwards. 
(Compare Fig. 4b.) 
Fig. 7
	
Flux flow characteristic of sample AVCO 252 at 55 kG. Observed 
flux flow characteristic starts at a critical current I = 900 
C 
amp and extends until "takeoff" which occurred at heat flux 
•	 '2 q = 0.25 w/cm . Without disturbance by flux jumps, calculated 
steady state characteristic extends up to 4 = 0.87 w/cm2 where 
vertical tangent	 = 0 terminates the stable zone. Part dV 
from = 0.87 w/cm2 to	 = 0.985 w/cm 2 (maximum nucleate heat 
flux) would be unstable even without disturbance by flux jumps. 
Dotted line represents flux flow characteristic predicted by 
the linearized theory. 2 Solid line in the left upper corner 
shows voltage characteristic V = RuI which can be expected 
when the total current flows only through the copper. Inter-
section with hm curve yields "broken wire limit".14 
Fig. 8	 Flux flow characteristic of AVCO 252 sample (A/A = 2.65) 
replotted from Fig. 7. Calculated flux flow characteristic of 
sample with Acu/As = 1.27 has vertical tangents at = 0.05, 
0.25, and 0.77 w/cm2 . Portion of the characteristic from 
= 0.25 w/cni2 to 0.77 w/cm 2 could be stable.
ORNL DWG. 68-12514. 
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Fig. 1	 Critical current I and "take off current" I of sample AVCO 252 
in transverse magnetic field of 55 kG. 
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and I are obtained 
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Heat transfer from cylindrical sample to liquid helium (K. R. 
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Fig. 3
	
	 Total current I (solid line) and superconductor current I

(broken line) vs voltage V of AVCO 252 sample at 55 kG. Dif-
ference r between conductor temperature T and bath temperature 
Tb vs voltage V is shown by the solid line at left (temperature 
scale on top of figure).
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Fig. 6
	 Evaluation of the superconductor current I of the AVCO 252 
sample at 55 kG. (a) shows a plot of I VS T which consists 
of a curved part (flux flow resistance R of the superconducting 
portion is of the same order of magnitude as the copper 
resistance H) and a straight part (Hf >> R). (b) represents 
part of the isothermal superconductor flux flow characteristic 
for T = 0 which corresponds to Hf	 The other part

(Hf >> R, not shown here) is a vertical straight line 
( l b = lob) extending the curved part at V = 1.5 m V upwards. 
(Compare Fig. 4b.)
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Flux flow characteristic of sample AVCO 252 at 55 kG. Observed 
flux flow characteristic starts at a critical current I = 900 
C 
amp and extends until "take off" which occurred at heat flux 
= 0.25 w/cm2 . Without disturbance by flux jumps, calculated 
steady state characteristic extends up to 4 = 0.87 w/cm2 where 
vertical tangent	 = 0 terminates the stable zone. Part 
dV 
from = 0.87 w/crn2 to	 = 0.985 w/cm2
 (maximum nucleate heat 
flux) would be unstable even without disturbance by flux jumps. 
Dotted line represents flux flow characteristic predicted by 
the linearized theory. 2
 Solid line in the left upper corner 
shows voltage characteristic V 
= 
RI which can be expected 
when the total current flows only through the copper. Inter-
section with	 curve yields "broken wire limit".14
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HEAT TRANSFER FROM CYLINDRICAL SURFACES TO LIQUID HELIUM I

Kenneth R. Efferson 
* 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 
ABSTRACT 
Heat transfer from a cylindrical copper surface to liquid helium at 
4 K has been measured. The .
 sample consisted of a horizontally mounted 
3 mm 0. D., evacuated glass tube, 6.5 cm long, onto which was deposited 
0 
a.2000 A thick copper film. It was heated by passing an electrical cur-
rent through the copper film, and the temperature was monitored by a car-
bon resistor attached to the inside of the glass tube with varnish. In 
initial experiments, large temperature fluctuations were observed in the 
nucleate boiling region. These temperature fluctuations disappeared 
when the sample was either close to the liquid helium surface or when 
vertical walls were placed around the sample. The large temperature 
fluctuations were probably due to interactions of the convective flow 
of liquid helium with the boundaries of the system (dewar walls, liquid 
surface, etc.). Similar temperature fluctuations were observed with a 
stainless steel sample of approximately the same dimensions. The peak 
heat flux obtained in the nucleate boiling regime was 0.98 watts/cm 2
 for 
Cu and 0.66 watts/cm 2 for stainless steel. 
*
Operated by Union Carbide Corporation. Work sponsored by USAEC and 
George Marshall Space Flight Center, NASA.
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INTRODUCTION 
It is well known 1 ' 2 ' 3 that the performance of compound superconduc-
tors is greatly influenced by the value of the heat transfer coefficient 
h = J'r which is appropriate for the particular configuration of the 
sample, where is the power dissipated per unit surface area of the 
sample and t is the rise in temperature of the sample above the surround-
ing helium bath temperature. One case which is appropriate for analyzing 
short sample performance of superconductors is that of heat transfer from 
horizontal wires, freely suspended in liquid helium at or near its normal 
boiling poing. Scarcity of data pproximating this case 4 JP 5 coupled with 
the overall scatter of heat transfer results (particularly in the nucleate 
boiling region) prompted us to make a few experiments in this area. 
SAMPLE DESCRIPTION 
One sample used in the experiment was very much like that of Madsen, 
0 
et al. 6 It consisted of a 2000 A thick Cu film deposited on the surface 
of an evacuated glass tube (3 mm 0. D., 6.5 cm long). See Fig. 1. The 
inside temperature of the glass tube could be monitored by a carbon 
resistor which was put in thermal contact with the glass by gluing with 
GE 7031 insulating varnish. The Cu film was heated by passing an elec-
trical current through it. The inside temperature of the glass tube 
should correspond with very little error to the inside temperature of 
the copper film for steady state conditions, since in this case there is 
no heat transfer in the radial direction across the glass tube. Estimates 
show that the temperature drop across the Cu film is negligible. Since 
the voltage and current contacts at the ends of the film are colder than
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the center of the film where the temperature is measured, a small amount 
of the heat generated at the center of the film is lost to the ends of 
the sample rather than directly to the helium bath. This loss was esti-
mated and was considered to be negligible and the entire amount of heat 
generated in the center of the film was considered to flow radially into 
the liquid helium. 
A second sample, Fig. 2, consisted of a 6.5 cm long, 2.5 mm 0. D. 
stainless steel tube with 0.005 cm walls. The inside of the tube was 
evacuated and contained a carbon resistance thermometer just as in the 
previous case. Power was supplied to the sample by passing an electrical 
current through the stainless steel tube. No corrections were needed in 
this case for heat lost out of the ends of the sample. However, large 
corrections were necessary for the temperature drop across the wall of 
the tube. Assuming that all the heat is transferred radially and that 
only the thermal conductivity, IC, and the temperature, T, vary radially, 
the temperature distribution across the wall is given by the solution of 
the differential equation: 
-	
=
	
K(T) d ( dT + aK(T) dT	 (i) 
r	 d.r " dr )
	
dr	 dr 
where p is the resistivity, j the current density, K(T) the thermal 
conductivity, T the temperature, and r the radial position. Values of 
K(T) were measured and found to agree closely with published results.7 
A numerical solution of (1) was found for each data point to yield the 
temperature of the surface of the stainless steel. This correction was
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relatively large, e. g. 44% at q = 0.4 watts/cm 2 , 20% at q = 0.04 
watts/cm2.
EXPERIMENTAL TECHNIQUES 
Calibration of the carbon thermometers was achieved by taking 
measurements at several temperature points below 4.2 K (obtained by 
pumping on liquid helium) and one point at liquid nitrogen temperature. 
These points were least squares fitted to an equation of the form 
Log R + K Log R - A + B 
as suggested by Clement et al. 8 Temperature of the bath was controlled 
by an automatic pressure regulator with a manual vernier. A Wallace 
and Tiernan vapor pressure gauge was used to determine the temperature 
of the bath. Although the temperature as read by the vapor pressure 
gauge could be held to within 0.001 K during the experiment, the tempera-
ture of the bath, as monitored by a carbon resistor close to the sample, 
varied up to 0.020 K when high powers were dissipated in the sample. 
Early in the course of these experiments, it became obvious that 
the depth of immersion of the sample was a significant parameter. There-
fore a method of automatically regulating the sample depth was devised. 
The system consisted essentially of a liquid helium level detector 
attached to the sample holder and a servo system which utilized the 
signal from the level detector to maintain the sample at a constant 
depth relative to the liquid helium surface. The depth could be held
(2)
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constant to within about 1 mm except during large turbulences at the 
helium surface which caused the level indication to fluctuate by as much 
as 0.5 cm. In this case the system maintained the distance of the sample 
below the "average surface level" constant to within about 2 mm. 
EXPERDVMTS AND RESULTS 
The current through the Cu film (stainless steel tube) was monitored 
directly on the X-axis of an X-Y recorder while the voltage across the 
carbon resistance thermometer was amplified by an Astrodata Nanovoltmeter 
and recorded on the Y-axis of the recorder. Thus the temperature of the 
thermometer is directly related to the Y-axis voltage, and the power per 
unit surface area, j, dissipated by the sample is directly related to the 
voltage on the X-axis of the recorder. Figure 3 shows recorder traces 
for the Cu film sample at 4 K for 1 cm, 12 cm, and 25 cm of helium above 
the sample. The scales are shown directly in terms of T and 4 rather 
than voltage. The significant features of these curves are a) the 
hysteresis at low power levels similar to that observed by others7110 '1'
 b) the non-hysteretic regime, and c) a region in which large tempera-
ture fluctuations occur when the sample is deep in the fluid and smaller 
temperature fluctuations when the sample is near the liquid surface. 
Note that the size of the temperature fluctuations at high power levels 
depends significantly on depth. The base line from which the fluctuations 
originate seems to be approximately the same in all three cases, but the 
size of the fluctuations changes from a few tenths of a degree close to 
the surface to several degrees at the 25 cm point. To check the dependence 
of amplitude of the fluctuations on depth of immersion, the sample depth
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was changed at a constant rate for each of two arbitrarily chosen fixed 
power ievels. Figure 4 shows the temperature fluctuations for a fixed 
power level of 4 = 0.928 watts/cm 2 with the depth increased at a rate 
d = 2.36 cm/mm. Note that the size of the temperature fluctuations 
did not vary in a smooth fashion with depth. The large temperature 
fluctuations appeared suddenly at depths of 7 to 10 cm. Similarly, for 
a second power level of = 0.841 watts/cm 2
 with the sample depth 
decreasing at a rate of d = 3.47 cm/ruin, the large fluctuations essentially 
disappeared at depths less than 10 cm. 
The stainless steel sample shows similar characteristics. Figure 5 
shows the inside temperature of the stainless steel sample plotted against 
q at a bath temperature of 4.8 K (atmospheric pressure) for depths of 
2.5 cm, 11 cm, and 25 cm. Figure 6 shows how the temperature fluctuations 
in the stainless steel sample varied with depth for . = 0.517 watts/cm2. 
Note that the large temperature fluctuations began at a depth of about 
8 to 10 cm. The appearance of the large temperature fluctuations in 
liquid helium at atmospheric pressure as well as for various lower pres-
sures eliminates the possibility of their being caused by the pumping 
system. 
The sudden onset of large temperature fluctuations .at sample depths 
roughly 1 dewar diameter (10.5 cm) indicated that the geometry of the 
liquid helium system might be important in this phenomenon. Therefore 
one additional experiment was performed. The Cu film sample was sur-
rounded by a thin cardboard box 10 cm high, open at the top and bottom, 
and with the sample centered in the box. The box formed an 8 x 4.5 cm 
rectangle when viewed from the top. With the power level set at 4 0.928
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watts/cm 2 , the sample was lowered into the liquid helium at a rate of 
d = 3.6 cm mm. The result of this experiment was that the very large 
temperature fluctuations were completely absent at all depths (Fig. 7) 
while small temperature fluctuations (0.1 K) were still present. Except 
for the addition of the walls, this experiment is almost identical to 
the one shown in Fig. 4. Comparison of Figs. 4 and 7 shows the drastic 
change in the size of the temperature fluctuations caused by the addition 
of the walls.
DISCUSSION OF RESULTS 
The Cu film sample and stainless steel sample behaved qualitatively 
alike in that there was a region of hysteresis at low values of fol-
lowed by a region of temperature fluctuations as the nucleate to film 
boiling transition was approached. These fluctuations occurred in non-
pumped liquid helium as well as in helium held at various constant 
temperatures down to 3 K which was the lowest point checked.. The only 
aspect of the data which seemed to depend on depth of the sample was 
the amplitude of the temperature fluctuations. The fact that the large 
temperature fluctuations (several degrees for the power levels examined) 
were suppressed when the sample was within about 1 dewar diameter of the 
surface or when side walls were added seemed to indicated that regardless 
of what local bubble dynamical picture was responsible for the fluctuations, 
large scale geometrical boundary effects were very important. The exact 
nature of the influence of the boundaries on the temperature fluctuations 
cannot be deduced on the basis of these experiments. However, a hypothesis 
of what might be happening is presented in Fig. 8. At the power levels
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where the temperature fluctuations occur large quantities of bubbles and 
liquid helium stream upward from the sample. The rising liquid column 
must necessarily reverse its direction at the surface of the liquid and 
flow back down into the dewar by some path perhaps as in Fig. 8 left. 
If this downstreaming helium momentarily sweeps across the sample, inter-
fering with the normal upward flow of helium past the sample then .a tempera-
ture fluctuation should occur. The addition of walls could prevent this 
(Figure 8 right). 
The size of temperature fluctuations which might be expected in Cu 
clad superconductors remains open at this time. There will certainly 
be fluctuation of a few millidegrees at all power levels due solely to 
the instabilities in liquid helium. 12
 However, the appearance of large 
temperature fluctuations as observed in this experiment might be inhibited 
by the high thermal conductivity of the Cu as compared to the low thermal 
conductivity of the glass tube in one sample and the stainless steel in 
the other. 
Based on this experiment, it can be said only that the possibility 
exists of temperature fluctuations near the nucleate to film boiling 
transition which might influence results in Cu clad superconductors. 
On the other hand, it can be said with a high degree of certainty 
that large temperature fluctuations will influence results obtained when 
measuring flux flow resistance in bare superconductors 13
 since there is a 
correspondence between this case and the stainless steel sample used here. 
The value of the heat transfer coefficient in the region of tempera-
ture fluctuations is uncertain because neither the boundary conditions 
(which fluctuate in an unpredictable manner) nor the thermal response
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time of the carbon resistor is known, so that the surface temperature of 
the samples cannot be deduced from measurement of the voltage of the 
resistance thermometer. Therefore, a base line was drawn in the region 
of temperature fluctuations which represents the cold point from which 
the fluctuations seemed to originate and data points were taken from this 
base line. Complete results for the experiment in Fig. 3 (1 cm deep) 
are jiven in Table Ia. It was these results which were used in an 
analysis of compound superconductor experiments. 14 Similar results are 
given for stainless steel in Table lb. The peak heat flux obtained in 
the nucleate boiling region was 0.98 watts/cm 2 for Cu and 0.66 watts/cm2 
for stainless steel.
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TABLE CAPTION 
Table I Relation between the heat dissipated by the samples, q, and 
the increase in temperature, T above the bath temperature of 
4 K. The last data point in each case represents the nucleate 
to film boiling transition point. The return point from film 
boiling occurred at . .9 watts/cm 2
 for the Cu film sample 
and	 .62 watts/cm 2
 for the stainless steel sample.
79 
FIGURE CAPTIONS 
Fig. 1	 Evacuated glass tube 3 nun 0. D., 6.5 cm long, onto which is 
0 
deposited a 2000 A Cu film. A carbon resistor was attached to 
the inside of the tube with GE 7031 insulating varnish. The 
sample was heated by passing an electrical current through 
the Cu film; its temperature was monitored by means of the 
carbon resistor. 
Fig. 2	 Sample made from stainless steel tube 2.5 nun 0. D., 6.5 cm 
long with 0.05 mm walls. Sample was heated by passing an 
electrical current longitudinaly through the stainless steel 
tube. The inside temperature was measured by means of a 
carbon resistor and the outside surface temperature was cal-
culated as described in the text. 
Fig. 3	 Recorder traces for Cu film sample for depths of 1 cm, 12 cm, 
and 25 cm below helium surface. The Y-axis represents the 
temperature of the carbon resistor while the X-axis gives the 
power per unit surface area dissipated to the helium bath. The 
helium bath temperature is 4 K. 
Fig. 4	 Variation of temperature fluctuations in Cu film sample with 
depth below helium surface for a constant power dissipation 
of = .928 watts/cm 2 (top) and = .841 watts/cm 2 (bottom). 
Note that large random temperature fluctuations begin to 
appear frequently below a depth of about 10 cm.
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Fig. 5	 Temperature of the carbon resistor inside the stainless steel 
sample for depths of 2.5 cm, 11 cm, and 25 cm below the liquid 
helium surface plotted against power dissipated to the liquid 
helium bath. The liquid helium temperature is 4.180K. 
Fig. 6
	
Temperature fluctuations in the stainless steel sample plotted 
against depth below the liquid helium surface of a constant 
power dissipation of •= .517 watts/cm 2 . Note the large 
temperature fluctuations below about 10 cm depth. 
Fig. 7
	
Temperature of Cu film sample against depth below liquid helium 
surface for constant power dissipation of j = .928 watts/cm2. 
This experiment differed from that of Fig. 4 (top) in that here 
the sample was surrounded by walls 10 cm high by 8 cm x 4.5 cm 
(see insert). Note complete absence of large temperature 
fluctuations in this case. 
Fig. 8
	
Large quantities of bubbles and liquid rise from the sample 
when the power level is high. The left of this figure suggests 
that below about one dewar diameter the backstreaming liquid 
occasionally sweeps across the sample and intereferes with the 
normal convective process, thereby creating a temperature pulse. 
The right figure suggests that the addition of walls might 
prevent this.
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TABLE I 
Cu Film Sample Stainless Steel Sample 
q
(watts/cm2 )
T 
(K)
q
(watts/cm2)
T 
(K) 
.0023 .0581 .00101 .0668 
.0023 .0379 .00101 .0313 
.0097 .142 .00405 .215 
.0097 .0786 .00405 .0536 
.0209 .165 .00911 .179 
.0209 .115 .00911 .0669 
.0371 .193 .0162 .159 
.0371 .148 .0162 .0795 
.058 .216 .0364 .168 
.058 .193 .0364 .115 
.0835 .236 .0648 .195 
.0835 .222 .0648 .156 
.148 .307 .101 .229 
.232 .372 .101 .197 
.334 .409 .146 .269 
.455 .429 .146 .246 
.594 .450 .260 .335 
.752 .486 .405 .429 
.928 .766 .490 .566 
.985 .918 .583 .916 
.663 1.13
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Fig.. 1 Evacuated glass tube 3 nmi 0. D., 6.5 cm long, onto which is 
0 
deposited a
.
2000 A Cu film. A carbon resistor was attached to 
the inside of the tube with GE 7031 insulating varnish. The 
sample was heated by passing an electrical current through 
the Cu film; its temperature was monitored by means of the 
carbon resistor.
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Fig. 2	 Sample made from stainless steel tube 2.5 irnn 0. D., 6.5 c 
long with 0.05 mm walls. Sample was heated by passing an 
electrical current longitudinaly through the stainless steel 
tube. The inside temperature was measured by means of a 
carbon resistor and the outside surface temperature was cal-
culated as described in the text.
83
4
	 d  1cm 
5
.1	 .2	 .3	 .4 .5 .6 7 .8 .9 10 
4
	 d • 12 em 
I..
5 
6
.1	 .2	 .3	 .4 .5 .6 .7 .8 .9 10 
4
	 d .
 25cm 
S 
6
J	 .2	 .3	 .4 .5 .6 .7 .8 .9 LO 
q (watti/cmt) 
Fig. 3	 Recorder traces for Cu film sample for depths of 1 cm, 12 cm, 
and 25 cm below helium surface. The Y-axis represents the 
temperature of the carbon resistor while the X-axis gives the 
power per unit surface area dissipated to the helium bath. The 
helium bath temperature is 4 K.
ORNL DWG. 68-125014 
85
q • .928 watts/cm2 
d • 2.36 cm/mm 
4
5 
I-
7 
8 
9 
to 
20 
30
2	 4	 6	 8	 10	 12	 14	 16	 18	 20 
d(cm) 
4 
5 
I-
6 
7 
8 
9 
U.'
8 16 14 12 tO 8 6 4 2 0 
d(cm) 
Fig. 4
	
	
Variation of temperature fluctuations in Cu film sample with
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Note that large random temperature fluctuations begin to 
appear frequently below a depth of about 10 cm.
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Temperature of Cu film sample against depth below liquid helium 
surface for constant power dissipation of t .
 = . 928 watts/cm2. 
This experiment differed from that of Fig. 4 (top) in that here 
the sample was surrounded by walls 10 cm high by 8 cm x 4.5 cm 
(see insert). Note complete absence of large temperature 
fluctuations in this case.
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POSSIBLE CONVECTIVE FLOW PATTERNS 
Fig. 8 Large quantities of bubbles and liquid rise from the sample 
when the power level is high. The left of this figure suggests 
that below about one dewar diameter the backstreaming liquid 
occasionally sweeps across the sample and intereferes with the 
normal convective process thereby creating a temperature pulse. 
The right figure suggests that the addition of walls might 
prevent this.
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